The abnormal accumulation of lipids within the endolysosomal lumen occurs in many conditions, including lysosomal storage disorders, atherosclerosis, nonalcoholic fatty liver disease (NAFLD), and drug-induced phospholipidosis. Current methods cannot monitor endolysosomal lipid content in vivo, hindering preclinical drug development and research into the mechanisms linking endolysosomal lipid accumulation to disease progression. We developed a single-walled carbon nanotube-based optical reporter that noninvasively measures endolysosomal lipid accumulation via bandgap modulation of its intrinsic near-infrared emission. The reporter detected lipid accumulation in Niemann-Pick disease, atherosclerosis, and NAFLD models in vivo. By applying the reporter to the study of NAFLD, we found that elevated lipid quantities in hepatic macrophages caused by a high-fat diet persist long after reverting to a normal diet. The reporter dynamically monitored endolysosomal lipid accumulation in vivo over time scales ranging from minutes to weeks, indicating its potential to accelerate preclinical research and drug development processes.
INTRODUCTION
The accumulation of lipids in endolysosomal organelles has been implicated in diverse pathologies including neurodegenerative diseases (1), lysosomal storage disorders (2), atherosclerosis (3), nonalcoholic fatty liver disease (NAFLD) (3) , and drug-induced phospholipidosis (DIPL) (4). However, current methods for the in vivo detection of endolysosomal lipid accumulation are lacking. Although techniques such as magnetic resonance imaging, magnetic resonance spectroscopy, positron emission topography, computer tomography, nuclear magnetic resonance spectroscopy, ultrasound, and dual-energy x-ray absorptiometry have been effectively used in the clinic to quantify lipid content in specific organs or tissues, they show no specificity for individual organelles (5) . Similarly, optical coherence tomography (6) and intracoronary near-infrared (NIR) spectroscopy (7) can detect lipid-rich atherosclerotic plaques in vivo, but these methods also do not provide information on the lipid content of specific organelles. Transmission electron microscopy (TEM), currently the gold standard for the detection of endolysosomal lipid accumulation present in preclinical animal models (8) , is expensive, low throughput, and only applicable for resected tissues and gives qualitative and subjective results (9) . Experimental probes with the ability to rapidly and noninvasively monitor lipid flux or accumulation in endolysosomal organelles in in vivo animal models do not currently exist.
A noninvasive method to detect endolysosomal lipid accumulation in vivo would have broad applications and facilitate preclinical research and drug development. In the context of lysosomal storage disorders, such a method would allow for the in vivo efficacy of candidate compounds to be assessed rapidly and noninvasively in animal models, rather than via long-term survival studies or tissue-based histological end points. Such a method could be directly applied to the assessment of DIPL, a condition caused by more than 350 drug candidates and marketed drugs (10) . DIPL is characterized by the accumulation of drug, phospholipid, and cholesterol in the lysosomal lumen of cells (4, 10) and has been recognized by the U.S. Food and Drug Administration as a major regulatory concern that impedes the drug development process (4, 11, 12) . When assessing candidate compounds, pharmaceutical companies frequently assess DIPL in vivo, with TEM serving as the gold standard of detection methods (10) . A technique that quantitatively, rapidly, and noninvasively assesses endolysosomal lipid accumulation in vivo could replace TEM measurements in the identification of DIPL, streamlining the drug development process.
In addition to drug development, a noninvasive and rapid method to detect endolysosomal lipid accumulation in vivo would also aid in the investigation of disease pathogenesis. In the study of NAFLD, a spectrum of disorders affecting more than 30% of the general population (13) , past work suggests that the accumulation of endolysosomal lipids in Kupffer cells (KCs), the resident liver macrophages, may be implicated in disease progression toward nonalcoholic steatohepatitis (NASH) (14, 15) . NASH is a progressive form of NAFLD that is characterized by the concurrent presence of hepatic steatosis and inflammation and may lead to fibrosis, cirrhosis, or hepatocellular carcinoma (13, 16) . Despite the negative health effects associated with the progression of early-stage NAFLD to NASH, the underlying mechanisms remain poorly understood, and the relationship between KC endolysosomal lipid accumulation and disease progression has not been extensively studied. This is due, in part, to a lack of methods to monitor KC endolysosomal lipid flux or accumulation in live animals. Such a method would serve as a valuable tool in the elucidation of NAFLD/NASH pathogenesis and would aid in the development of new therapies.
Here, we present an optical reporter that noninvasively monitors endolysosomal lipid accumulation and flux from within KCs in vivo. The reporter localizes within endolysosomal organelles rapidly upon intravenous injection and can be monitored noninvasively via NIR excitation/emission. We detected hepatic lipid accumulation in animal models of the lysosomal lipid storage diseases Niemann-Pick disease type A/B (NPA/B) and Niemann-Pick disease type C (NPC) and used the reporter to monitor the accumulation of lipids in KC endolysosomal organelles and the effects of dietary intervention in mouse models of NAFLD and NASH.
RESULTS

Reporter development and characterization
To develop an in vivo reporter of KC endolysosomal lipid accumulation, we used the intrinsic NIR fluorescence from a single-walled carbon nanotube (SWCNT) that was noncovalently complexed with single-stranded (ss) DNA (DNA-SWCNT). This builds on past work by our group, demonstrating that DNA-SWCNTs localize to endolysosomal organelles, where they can detect lipid accumulation in vitro without adversely affecting organelle size, shape, integrity, capacity to digest lipoproteins, cell viability, or proliferation (17) .
A population of SWCNTs contains discrete structural species (chiralities) that differ in diameter and chiral angle (18) . These discrete chiralities are identified by the chiral integers (n,m) (18) , and semiconducting SWCNT chiralities are intrinsically photoluminescent in the NIR region of the spectrum (19) . We initially assessed the potential of several DNA-sequence nanotube chirality combinations to serve as a reporter of endolysosomal lipid accumulation ( fig. S1 ). In solution, each of the tested combinations exhibited a >9-nm decrease in emission center wavelength in response to low-density lipoprotein (LDL; 0.5 mg/ml; fig. S2A ). When internalized by cells exhibiting endolysosomal lipid accumulation, each tested combination once again exhibited a decrease in emission center wavelength compared with untreated controls, and ssCTTC 3 TTC-(9,4) showed the greatest emission response (8.3 nm; fig. S2B ). The emission wavelength of ssCTTC 3 TTC-(9,4) was minimally affected by a decrease in pH, highlighting its potential as a reporter of lipid accumulation in the acidic endolysosomal organelles in vivo ( fig. S3 ).
Building off of the previously developed reporter for endolysosomal lipid accumulation in vitro (17) , the ssCTTC 3 TTC-(9,4) construct is a second-generation nanomaterial engineered for in vivo applications. It is purified through an aqueous two-phase (ATP) polymer separation method (20) rather than through ion-exchange high-performance liquid chromatography (IEX-HPLC) (21) , which was used to purify the in vitro reporter (17) . Unlike IEX-HPLC, the ATP separation method is an inexpensive, highly scalable process that allows for the production of the quantities of structurally sorted SWCNT needed for thorough in vivo studies with multiple biological replicates (22) . This second-generation reporter has an emission wavelength of ~1125 nm, away from the lipid absorption band at ~1210 nm (23) , which should facilitate in vivo measurements (23, 24) .
After identifying ssCTTC 3 TTC-(9,4) as a potential reporter of endolysosomal lipid accumulation in vivo, we characterized its optical response in a biologically relevant environment in vitro. After acquiring a protein corona via incubation in cell culture medium with 1% fetal bovine serum (FBS) for 90 min, the reporter had an excitation maximum at 732 nm (essentially on resonance with the 730-nm laser excitation used) and an emission maximum at 1128 nm (Fig. 1A) . When exposed to various classes of biomolecules and water-soluble lipid analogs, the reporter showed minimal response to near-saturating concentrations of bovine serum albumin (BSA), genomic DNA, and carboxymethylcellulose (CMC) but exhibited an ~6-to 8-nm decrease in emission center wavelength (herein described as a "blue shift") in response to the water-soluble lipid analogs polyethylene glycol (PEG)-cholesterol, methoxy PEG (mPEG)-ceramide (C16), and mPEG-phosphoethanolamine (18:0) (Fig. 1B and fig. S4 ). The median length of the reporter as measured via atomic force microscopy was 133 nm (fig. S5 ).
To better understand the reporter's mechanism of detection, we conducted all-atom replica exchange molecular dynamics simulations. Consistent with our previous study (17) , simulations suggested that sphingomyelin or cholesterol molecules bind to the reporter surface via hydrophobic interactions, decreasing the water density in the nanotube's immediate vicinity (Fig. 1, C and D, and figs. S6 and S7). This likely leads to an effective decrease of the local solvent dielectric, resulting in the observed blue shift (17) .
Reporter validation in live cells
After in silico and in vitro characterization of the reporter, we validated its functionality in live cells. Endolysosomal lipid accumulation was induced in RAW 264.7 macrophages via three distinct mechanisms: Cells were treated with U18666A to mimic the lysosomal storage disorder NPC by inhibiting the NPC1 protein (25) , which causes the accumulation of unesterified cholesterol in lysosomes (26) ; cells were treated with Lalistat 3a2, which inhibits the enzyme lysosomal acid lipase (LAL) (27) and causes a phenotype similar to that seen in Wolman's disease, where LAL deficiency causes an accumulation of esterified cholesterol in lysosomes (28) ; or cells were treated with imipramine hydrochloride, which inhibits the enzyme acid sphingomyelinase, causing the accumulation of sphingomyelin in lysosomes similar to what is seen in NPA/B disease (29) . After treatment with each inhibitor, the reporter was incubated with cells as previously described (17) . Histograms obtained from NIR hyperspectral microscopy (30) of the reporter from within cells showed a single blue-shifted population under all three drug treatments (Fig. 1, E and F) , and a mean emission center wavelength that was ~6 nm blue-shifted compared to emission from untreated control cells (figs. S8 and S9), demonstrating the ability of ssCTTC 3 TTC-(9,4) to detect endolysosomal lipid accumulation in live cells. Moreover, the reporter red-shifted in response to the removal of lipids from endolysosomal organelles via treatment with 2-(hydroxypropyl)--cyclodextrin ( fig. S10 ) (31) , suggesting reversibility. The reporter did not affect the ability of cells to hydrolyze lipoproteins ( fig. S11 ).
Reporter biodistribution in vivo
After validating the reporter's ability to detect endolysosomal lipid accumulation in vitro, we investigated its biodistribution in vivo by intravenous injection. "Unprotected" nanoparticles are known to be opsonized and rapidly removed from the bloodstream by the macrophages of the reticuloendothelial system after intravenous injection, resulting in the accumulation of nanoparticles in the liver and spleen (32) (33) (34) (35) . Partially protecting SWCNTs from opsonization via noncovalent functionalization with PEGylated polymers still leads to accumulation in these organs and localization to resident macrophages (36) (37) (38) . We saw similar results with the ssCTTC 3 TTC nanotubes, as kinetic measurements of reporter fluorescence in vivo showed an increase in fluorescence intensity measured from all regions of the mouse immediately after injection, which was followed by rapid decrease in all regions of the mouse with the exception of the area containing the liver ( Fig. 2A) . Over the next 6 hours, the fluorescence signal in the liver region decreased, potentially due to SWCNT being trafficked from the liver vasculature into KC lysosomes. The signal was then relatively stable from 24 to 72 hours after injection, although it decreased slightly over that time frame (Fig. 2A) . These results suggest rapid clearance of ssCTTC 3 TTC-encapsulated carbon nanotubes from blood and retention in the liver region, even after 72 hours ( Fig. 2A) . NIR images acquired in vivo after 24 hours (Fig. 2B ) and ex vivo imaging of the extracted organs (Fig. 2 , C and D) confirmed the specific localization of the reporter to the liver, with negligible NIR emission from other organs. NIR hyperspectral imaging of isolated hepatic cells confirmed nanotube uptake by KCs, consistent with the typical behavior of the mononuclear phagocyte system ( Fig. 2E and Supplementary Materials and Methods) (34) . Together, these data demonstrate the potential of the reporter to assess KC endolysosomal lipid accumulation or flux in a live animal.
Noninvasive detection of lysosomal storage disorders in vivo
The ability of the reporter to noninvasively detect endolysosomal lipid accumulation in KCs in vivo was tested using an acid sphingomyelinase knockout (ASMKO) (39) and an NPC1 I1061T (Npc tm(I1061T)Dso ) knock-in mouse model (40) . These mouse lines model NPA/B and NPC disease, respectively, and accumulate lipids within the endolysosomal organelles of many cell types, including KCs. To determine whether ssCTTC 3 TTC-(9,4) could detect this accumulation, the reporter was injected intravenously into mice, and after 24 hours, reporter emission from the liver was obtained using a NIR in vivo spectroscope ( fig. S12) (41) . The in vivo spectra showed a high signal-to-noise ratio of more than 14.64 ± 5.18, with distinct blue shifts of ~4.2 and ~5.3 nm in ASMKO and Npc tm(I1061T)Dso mice, respectively, compared to age-matched wild-type controls (Fig. 3) . The difference in reporter emission was maintained ex vivo ( Fig. 3 ) and in frozen resected liver tissues ( Fig. 3 and tables S1 and S2). The phenotype of each mouse was confirmed via histology, which showed lipid-laden KCs and hepatocytes (figs. S13 to S18).
Dynamic detection of oxidized LDL accumulation
We next investigated the ability of the reporter to detect the uptake and endolysosomal accumulation of oxidized LDL (oxLDL), a process that has been implicated in the development of atherosclerosis and NASH. oxLDL was injected intravenously in mice 24 hours after the injection of the reporter to ensure that any interaction between oxLDL and the reporter occurred in endolysosomal organelles rather than in the circulation (Fig. 4A ). Six hours after oxLDL injection, reporter emission from KCs of injected mice was measured noninvasively and displayed monotonic blue shifting as the injected dose was increased, with a limit of detection between 2 and 20 g (Fig. 4B) . By repeatedly measuring reporter emission at different time points just before, and after, oxLDL injection, we quantified the kinetics of oxLDL uptake and endolysosomal accumulation by KCs (Fig. 4C) . When 200 g of oxLDL was injected, accumulation could be detected dynamically within 30 min, and a single exponential fit found that the average time constant for this process was 60.63 min (Fig. 4D and fig. S19 ). Ex vivo testing of the reporter in whole blood samples with varying concentrations of total cholesterol revealed no significant correlation between reporter emission and cholesterol concentration, indicating that reporter measurements were not compromised because of the interference of lipids/lipoproteins circulating in the bloodstream ( fig. S20 ). This confirmed the ability of the reporter to dynamically detect the uptake and accumulation of oxLDL into KCs in vivo.
Monitoring KC endolysosomal lipids in a NAFLD model
Using the reporter, we examined the relationship between KC endolysosomal lipid accumulation and NAFLD progression toward NASH. Male C57BL/6 mice were fed standard chow (SC) or a Western diet (WD) (42% calories from fat) with water supplemented with high-fructose corn syrup (HFCS) equivalent for 1 to 3 months. When administered more than 22 to 52 weeks, this model is known to lead to the development of steatosis, fibrosis, inflammation, and hepatocyte ballooning, recapitulating human NASH (42, 43) . Moreover, male C57BL/6 mice fed the WD for 20 months have been shown to develop all of the conditions described above as well as dysplastic hepatic tumors, thus displaying all major NAFLD/NASH sequelae (43) . By administering this diet for shorter periods, we aimed to investigate KC endolysosomal lipid accumulation in an early stage of a progressive model of NAFLD. As expected, after 3 months of the WD and HFCS, mice developed obesity ( fig. S21 ). Histological sections of livers from WD-fed mice indicated an increase in hepatic steatosis over time (Fig. 5A) , an observation that was confirmed by a trained pathologist and through the quantification of steatotic area in hematoxylin and eosin (H&E) sections (Fig. 5B) . Hepatic sections stained with CK8/18 and F4/80 showed lipid accumulation in both hepatocytes and KCs at 1 and 3 months of WD feeding (figs. S22 to S25). Moreover, H&E-stained tissue sections showed inflammatory foci (as observed by a trained pathologist) in all but one mouse after 1 month of WD feeding and in all mice after 3 months of WD (figs. S26 and S27). Together with past studies using this high-fat, high-fructose model (42, 43) , these results suggest that the mice were in the early stages of progression through the NAFLD/NASH spectrum at the time of the experiments.
KC endolysosomal lipid accumulation in SC and WD mice was assessed in vivo, 24 hours after reporter injection. Results showed that the emission center wavelength of the reporter decreased monotonically with longer periods of WD feeding, indicating an increase in KC endolysosomal lipid accumulation at more advanced stages of NAFLD (Fig. 5C and fig. S28 ). These results were confirmed via ex vivo measurements of excised livers (Fig. 5D) . Analysis of the spectral full width at half maximum (FWHM) of the emission, measured in vivo, showed that they were unchanged in mice at early stages of WD feeding, but they decreased in mice fed the WD for 3 months. Moreover, correlation analysis of spectra center wavelength versus FWHM indicated a minor positive correlation (r = 0.5304; fig. S29 ). As individual SWCNTs exhibit their own distinct emission spectra, the bulk emission spectrum measured in vivo represents a convolution of spectra from individual nanotubes inside the endolysosomal organelles of hepatic macrophages ( fig. S29) . Thus, analysis of spectral FWHMs suggests that the observed blue shift was a result of increased lipid accumulation in each KC, rather than simply an increase in the number of KCs harboring lipids, because the latter condition would be expected to cause a broadening of the spectra, a negative correlation coefficient, and an increase in FWHM ( fig. S29) . Inspection of hepatic tissue from mice on the WD for 3 months via NIR hyperspectral microscopy showed that the reporter was distributed throughout the liver tissue, including in the vicinity of lipogranulomas ( fig. S30 ). 
Effects of the reporter on liver histology and blood chemistry
To assess the effect of the reporter on the livers of SC and WD mice, a trained pathologist analyzed H&E-stained liver sections of reporter-injected and control mice. Sections showed that the reporter did not alter the liver pathology of mice fed SC or WD for 3 months (fig. S27 ). To further assess the effect of the reporter on mice fed SC or WD for 3 months, we injected mice with the reporter and performed serum chemistry measurements 24 hours thereafter. Between injected and control mice fed SC, no substantial differences were found for the liver injury markers alanine aminotransferase (ALT), aspartate aminotransferase (AST), AST/ALT, lactate dehydrogenase (LDH), alkaline phosphatase (ALP), globulin (GLOB), or albumin (ALB)/GLOB ( fig. S31) . Although ALB and total protein concentrations were slightly different, to a statistically significant degree (P < 0.05), between control and injected SC mice, the concentrations in the injected mice were actually slightly increased compared to control mice (low concentrations of ALB and total protein may be indicative of liver dysfunction).
Serum chemistry measurements in mice fed the WD for 3 months showed little difference in the levels of AST, AST/ALT, ALB, GLOB, ALB/GLOB, or total protein between control and reporter-injected mice. Although differences were seen in the concentrations of ALT, LDH, and ALP between control and injected mice, these differences would suggest increased liver injury in control, rather than injected, mice. These differences are most likely related to the increased weight of mice from the uninjected control group (fig. S31 ). The data suggest that this weight disparity between the two groups was random, because mice were placed into groups randomly and measuring the weights of vehicle (PBS)-or reporter-injected mice before, and 24 hours after, injection (to mimic experimental conditions) showed no differences in weight change between the two groups ( fig. S32 ).
To determine whether the reporter dampened the inflammatory response and thus hepatocyte injury, we induced hepatic injury in mice via intraperitoneal administration of lipopolysaccharide (LPS) after intravenous injection of the reporter or vehicle control. Serum quantities of ALT, a serum marker specific for liver injury, were increased, indicating that hepatic injury had been induced by LPS (fig. S32) ; however, we found little change in amounts of ALT between reporter-and vehicle-injected mice after LPS administration, suggesting that the extent of injury was not substantially altered because of the presence of the reporter ( fig. S32) . Furthermore, LDH and ALP serum concentrations, two markers that may be indicative of hepatic injury but are less specific than ALT, were also similar in reporter-and vehicle-injected mice, further suggesting that the reporter did not dampen the KC inflammatory response ( fig. S32 ).
Hepatic gene expression after reporter injection
The effect of the reporter on innate immune system activation was investigated by injecting mice with the reporter or PBS as a control. Hepatic expression of Ifn, Ifn1, Il-6, S33 ).
Long-term effects of WD feeding on KC endolysosomal lipids
Mice were given the WD and HFCS for 2 weeks to investigate the long-term effects of these dietary changes. Reporter measurements indicated that this time period was sufficient to induce KC endolysosomal lipid accumulation (Fig. 5E ), whereas histological sections confirmed the presence of lipid accumulation in hepatocytes and KCs (figs. S34 to S37). Separate groups of mice were then taken off of the WD and fed SC for two or six additional weeks. Reporter measurements indicated that switching from WD to SC feeding, even for a time period of 6 weeks, resulted in only partial reversal of KC endolysosomal lipid accumulation (Fig. 5E ). In contrast, histopathologic analysis reveals complete reversal of steatosis and inflammatory changes even within 2 weeks ( fig. S38 ). This suggests that a high-fat, high-fructose diet may have long-lasting implications on KC physiology that can be detected with the reporter but not with currently available histopathologic techniques.
Longitudinal detection of KC endolysosomal lipid accumulation
The ability of the reporter to detect endolysosomal lipid accumulation over time in the same mice was tested by injecting C57BL/6 mice with reporter intravenously and measuring the emission wavelength 24 hours later (day 0). Mice were then fed either SC or WD with HFCS for 2 weeks. After 2 weeks, a NIR spectroscope was used on the live mice to verify that signal could not be detected from the first injection of the reporter (mice where signal was noticeable were excluded from further analysis) before mice were injected with a second dose of the reporter (100 ng), and reporter emission wavelength was measured 24 hours later (day 15). Results showed that reporter emission in mice had blue-shifted over time but that the magnitude of this blue shifting was significantly greater (P = 0.001) in mice fed the WD for the 2-week period (Fig. 5F ). These results validate the potential of the reporter for use in long-term, longitudinal studies, an application with the ability to greatly increase the efficiency and affordability of the drug development process.
DISCUSSION
Here, we present a method for the noninvasive detection of endolysosomal lipid accumulation in vivo. Central to this method was the development of a nanoreporter consisting of the (9,4) SWCNT noncovalently complexed with the single-stranded oligonucleotide CTTC 3 TTC. When injected intravenously, the reporter accumulated in the liver and localized specifically within KCs, consistent with multiple studies performed using polymer-wrapped SWCNTs and other classes of non-PEGylated/passivated nanoparticles that can be opsonized within the bloodstream (32) (33) (34) (35) . Serum measurements of liver health markers and examination of histological tissue sections suggest that the reporter does not cause or enhance hepatic inflammation or injury in healthy or steatotic livers, in agreement with previous studies showing that carbon nanotube reporters composed of relatively short SWCNTs noncovalently functionalized with amphiphilic polymers/oligonucleotides have well-documented biocompatibility in live cells (17, 44) and animals (37, 38) . The reporter measured lipid accumulation specifically within endolysosomal organelles and was applicable to different lipid species. The reporter's response to lipids was assessed against several modified lipids directly in solution, in live cells via treatment with chemical inhibitors that promoted accumulation of different compositions (predominantly cholesterol or sphingomyelin), in wellestablished in vivo models of lysosomal storage diseases that also cause accumulation of different lipids, as well as upon intravenous injection of oxLDL.
Potential limitations of this work include questions of lipid type specificity and organ localization of the reporter. The current reporter responds generally to lipid accumulation within endosomes/lysosomes and does not distinguish between distinct lipid species. However, TEM, the current gold standard for the detection of endolysosomal lipid accumulation in animal models, is also unable to distinguish between distinct lipid species. Moreover, the generality of the reporter suggests applicability to a range of pathologies, which is likely to prove advantageous in the future. Although the present work only demonstrates in vivo detection in the KC endolysosomal organelles of mice, we expect that alternative reporter delivery methods may allow for the interrogation of other cell types. Past work supports this expectation, including work on the lateral ventricular injection of carbon nanotubes (45) . Moreover, improvements in spectroscopic equipment, such as an endoscopic probe that can excite the reporter through the stomach lining, may permit the use of the reporter in larger animal models.
On the basis of its effectiveness and biocompatibility, we believe that this reporter can be applicable to several types of studies in multiple disease classes. When testing the efficacy of drugs designed to treat lysosomal storage disorders such as NPC disease, researchers must currently rely on the measurement of indirect biomarkers or methods such as TEM, which require the euthanization of animals. Longitudinal assessment of endolysosomal lipid accumulation using the reporter was possible in vivo upon repeated administrations in the same mice over both the short and long term. Use of the reporter in this scenario could improve the speed and reduce animal numbers in certain drug development investigations.
The reporter could also be useful in the development of antibiotic, antidepressant, antipsychotic, antimalarial, and antiarrhythmic drugs, because drugs of these classes often have the side effect of DIPL, which may delay the regulatory process. Companies such as Pfizer (12) and Bristol-Meyers Squibb (4) have developed risk management strategies to apply to DIPL during the drug development process; however, these strategies rely on indirect biomarkers or TEM to assess the presence of DIPL in vivo (46) , hindering the development of new drugs. We expect that the rapid nature of the method described here will allow for the aforementioned risk management strategies to be streamlined, enabling a more efficient and cost-effective drug development process.
In addition to improving the drug development process, the nanoreporter will also enable new research into the mechanisms linking endolysosomal lipid accumulation and the progression of various diseases such as NAFLD. Here, we examined the relationship between KC endolysosomal lipid accumulation and NAFLD progression, observing an increase in KC endolysosomal lipid accumulation as NAFLD progressed toward NASH. Moreover, we found that diet-induced KC endolysosomal lipid accumulation persisted for at least 6 weeks after the cessation of the high-fat, high-fructose diet. Although correlative, these results support the hypotheses that KC endolysosomal lipid accumulation plays a role in NAFLD progression and that even small modifications in diet induce long-term changes in KC physiology that may portend disease advancement toward NASH. Deeper investigations of a potential mechanistic link between KC endolysosomal lipid accumulation and NAFLD progression are warranted. Such studies will aid in the development of NAFLD/NASH therapies and may also potentiate KC endolysosomal lipid accumulation as a biomarker of NAFLD progression that can then be rapidly assessed in preclinical animal models with the reporter.
This work describes a new technology capable of quantitative, rapid, dynamic, and noninvasive detection of endolysosomal lipid accumulation in vivo. This method has advantages over previously used histological techniques and may be broadly applicable for streamlining preclinical drug development processes and enabling new research into the pathogenesis of lipid-linked diseases.
MATERIALS AND METHODS
Study design
This study aimed to develop and apply an in vivo optical reporter for endolysosomal lipid accumulation. We assessed the reporter's function in two different mouse models of lysosomal storage diseases, which are known to accumulate lipids in KC lysosomes. We measured reporter emission wavelength after injection into these models using a custom-built in vivo spectroscope and confirmed the phenotype of mice via traditional histological methods. We applied the reporter to the study of NAFLD by inducing the disease in mice via feeding with a WD and supplementing drinking water with HFCS. Control mice were fed SC. We assessed disease state via quantification of lipid droplets in hepatic sections and analysis of tissue sections by a trained pathologist. Diets, as well as nanotube or vehicle injections for safety studies, were randomly allocated to mice. Experimental and control groups were age-matched for all studies.
Because of obvious differences in the physical appearance of WDfed and lysosomal storage disease-afflicted mice, complete blinding of experiments was not possible. When assessing histological sections for the effect of the reporter on liver pathology, the trained pathologist analyzing samples was blinded to the injection of nanotubes or vehicle control in specified samples. Details on experimental replicates are provided in the relevant figure legends. Sample sizes were determined on the basis of the authors' previous experiences with experimental equipment that show minimal instrumental noise.
Animal studies
All animal studies were approved by and carried out in accordance with the Memorial Sloan Kettering Cancer Center Institutional Animal Care and Use Committee. Male C57BL/6 mice were purchased from the Jackson Laboratory at 4 to 8 weeks of age. For observing ssCTTC 3 TTC-SWCNT removal from blood, 6-week-old male SKH1-Elite mice were purchased from Charles River Laboratories. Mice for the ASMKO experiment were provided by the Schuchman laboratory (39) and used at 5 months of age. NPC1 I1061T and wildtype controls were bred in the laboratory of D.S.O., and experiments were performed when mice were 13 weeks of age. All control and experimental mice were age-matched and housed in identical environments. For longitudinal in vivo sensing experiments, mice were injected in the tail vein with 200 l of ssCTTC 3 TTC-(9,4) (0.5 mg/liter) diluted in PBS. For all other in vivo sensing experiments, a dose of 200 l of ssCTTC 3 TTC-(9,4) (1.0 mg/liter) was used. For the hepatic cell isolation experiments, unsorted ssCTTC 3 TTC eg150X SWCNT (18 mg/liter) was injected. For in vivo imaging and spectroscopy, mice were anesthetized with 2% isoflurane before data collection.
Statistical analysis
GraphPad Prism versions 6.02 and 7 were used to perform statistical analysis. All data met the assumptions of the statistical tests performed (normality, equal variances), and two-sided testing was performed in all instances. The F test and Brown-Forsythe tests were used to determine whether variance was similar between groups for t tests and for one-way ANOVAs, respectively, to ensure that the assumptions of tests were met. The testing of multiple hypotheses was accounted for by performing one-way ANOVAs with Dunnett's, Tukey's, or Sidak's post-tests when appropriate. Information on specific statistical tests performed can be found in the figure legends. P < 0.05 was deemed significant.
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